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1.0 INTRODUCTION 
 
Diabetes, a metabolic disease related to high sugar level, has 
been ranked one of the most common chronic diseases worldwide with a 
total of 15% diabetic patients developing diabetic foot ulcer each year 
[1].  The development of foot ulcer is generally linked to the existence 
of peripheral vascular disease and poor glycemic control which, if left 
unattended for a prolonged time, would result in osteomyelitis and 
amputation of the affected foot [2].  This has, thus, placed a sizable 
burden on patient, healthcare system and society.  Awareness on this 
matter has prompted immediate actions from medical committees to 
advocate a proper preventive approach on handling patients with diabetic 
foot ulcer before the condition deteriorates.  A clinical instrument for 
continuous and non-contact assessment of diabetic foot ulcer shown in 
Figure 1.1 is often desirable to provide information on wound healing 
progress with different prescribed treatment.  This is such that immediate 
action on changes in the standard clinical treatment may be taken 
following poor response of ulcer healing progress to prevent further 
deterioration of wounds, which may lead to foot amputation. 
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Figure 1.1 An example of a severely affected diabetic foot ulcer 
 
The current state of art of techniques incorporated in recent 
years to identify healing progress of diabetic ulcer with different 
prescribed treatment include visual assessment, wound healing predictor 
[1], bacterial load method [3], Raman spectroscopy, the use of 
angiopoietin-like 4 (ANGPTL4) gene as determinant [4] and 
thermography [5].  This is to identify the effectiveness of the standard 
medical treatment towards diabetic wound healing rate with minimal 
evaluation time, and hence reducing the feeling of anxiety amongst the 
affected patients. Nonetheless, among these techniques, visual 
assessment and thermography lacked accuracy in its diagnosis, bacterial 
load method and investigation of ANGPTL4 gene required biopsy of 
wound tissue [1, 3], while Raman spectroscopy involved the use of a 
reference data. 
Meanwhile recent reports revealed a strong correlation between 
wound healing progress and local oxygen consumption [6], wherein the 
latter is strongly dependent on tissue oxygen saturation and skin blood 
flow rate.  The estimation of percent blood saturation parameter is viable 
by means of fitting using either analytic models or a library of data 
simulated using Monte Carlo method or diffusion model [7] to the 
collected attenuation data, whereas the estimation of blood perfusion 
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level is based on speckle images of blood flow velocity of the laser 
illuminated tissue.  These tissue perfusion and local oxygenation 
parameters change with different stages of wound healing, namely 
inflammatory, proliferative and tissue remodeling phase.  The 
inflammatory stage involved aggregation of platelets to initiate 
coagulation following an injury, proliferative phase stimulates 
microangiogenesis that promote development of new vessels while tissue 
remodeling phase involves differentiation of fibroblasts [8].  In chronic 
wound such as that of diabetic foot ulcers, these processes may be 
disrupted by impairment of tissue oxygenation or perfusion or both. 
Laser Doppler flowmetry is a non-invasive technique 
commonly used to characterize burn wound depth.  This technique has 
recently found its application in monitoring of skin blood flow, whereas 
multispectral imaging is an optical technique that has gained an 
increasing interest especially in the study of diabetic foot ulcer healing 
rate [9].  The multispectral technique is unique as it is able to detect light 
intensity across spatial and spectrum directions at a chromatic resolution 
higher than that of the human eyes, and its application not being 
restricted to a small region of a measurement subject.  Quantitative 
analysis of spectroscopic data from skin for non-contact and non-
invasive prediction of health parameter of healthy volunteers undergoing 
different experimental procedures has been extensively demonstrated in 
the works by Huong and Ngu [10].  While the findings by Sørensen et 
al. [11] showed changes in local perfusion during wound healing using 
laser Doppler flowmetry, a report by Jonsson et al. [12] revealed a strong 
positive correlation between blood perfusion and oxygenation during 
wound healing.  These experimental works, however, failed to document 
changes in these microcirculatory parameters with different stages of 
wound recovery. 
 
1.1 LASER SPECKLE IMAGING 
 
Studies on the development of laser speckle techniques can be 
dated back to the 1960s.  Earlier works by Goodman [13] expressed laser 
speckle pattern as an arbitrary phenomenon which properties can be 
statistically analyzed.  This work explained the dependency of speckle 
contrast with its diffusing surface roughness by means of asymptotic 
analysis using a Gaussian distribution function of surface height 
  
4  
 
 
 
 
Bioengineering Principle and Technology Applications Volume 2 
   ISBN 978-967-2306-26-9 2019 
fluctuation.  Practically, the observed reduce in speckle patterns contrast 
is the resultant of a lower standard deviation compared to the mean 
intensity.  Hence, the speckle contrast, K, is commonly defined as the 
ratio of standard deviation, σ , to the mean intensity, I , given as: 
 
 speckle contrast, 1K
I
σ
= ≤   (1) 
 
This theory led to the implementation of laser speckle contrast 
analysis (LASCA) technique by Fercher and Briers [14] which has been 
commonly applied as a basis in most blood flow related work.  During 
the earlier stage, this concept was applied as a non-invasive diagnostic 
tool to examine retinal blood flow in the field of ophthalmology.  When 
a coherent laser beam is illuminated on a surface, the speckle pattern is 
deduced by the flow velocity within the blood vessel in such a way that 
when blood flow is restricted, the speckle contrast appeared to be highly 
enhanced.  On the contrary, the speckle pattern appeared to be more 
gradual and blurred out in a region of high blood flow.  This occurrence 
can be explained by the diffraction of light into the diffraction halo for a 
high contrast speckle whereas in a region where speckles appeared to be 
vague, incident light is directed into the central maximum of a Fourier 
plane. 
Various arguments on the reliability of the laser speckle 
technique were raised regarding the distribution of particle velocity of 
the blood medium in study where the speckle measurement were merely 
interpreted as the spatial distribution of speckle contrast [15].  This is 
attributed to the initially developed model that attempted to relate the 
speckle contrast to the correlation time, τ  but overlooked the presence 
of static scattering layers between intact and exposed skin layers.  Recent 
works have tried to improve the τ  value by manipulating the 
dependence of speckle contrast on the camera exposure time, T [16].  In 
view of the corresponding argument, the multi-exposure speckle imaging 
exposure (MESI) approach take into account the non-ergodic variance 
for a robust estimation of flow variability in a static scattering layer. 
Over the years, the concept of laser speckle contrast imaging 
has been further extended and widely adopted in various biomedical 
applications.  This is owing to the relative simplicity of the 
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instrumentation setup which mainly consists of a laser light source and 
camera.  Among the novel applications of laser speckle imaging are for 
quantitative measurement of cerebral blood flow for stroke studies [17] 
and post treatment of port wine stain laser therapy [18]. 
 
 
1.1.1 A Comparison Between Laser Speckle Imaging and Laser 
Doppler Flowmetry 
 
In general, laser speckle imaging and Doppler are commonly 
employed non-invasive approaches for monitoring of blood flow 
perfusion.  Both methods are able to penetrate up to a superficial depth 
of 1 mm≤  at a single measurement point. Although these techniques 
appeared to be almost similar, the differences lie in the method of 
measurement.  The basic of the laser Doppler technique is explained by 
[19], 
 
 
2
v fλ= ∆   (2) 
 
where velocity of the moving object, v, is linearly related to the changes 
in beat frequency, f∆  at corresponding wavelength, λ .  This theory is 
based on the frequency shift triggered by the Doppler effect when light 
motion is interrupted through scattering or reflection, first reported by 
Johan Christian Doppler [20].  These effects take charge when relative 
movement is perceived between wave source and detector. Similarly, in 
laser speckle technique, measurement of the velocity of scattering 
particles is based on the illumination of fluid motion.  This movement, 
in return, resulted in the fluctuation of speckle pattern. 
One of the factors that distinguished laser speckle and Doppler 
flowmetry technique is regarding the filtering.  The Doppler flowmetry 
technique holds an advantage over the laser speckle technique with its 
ability to filter signals at high frequency (e.g. above 100 Hz) and reduce 
the effects of motion artefacts [21].  Besides this, the laser speckle 
contrast technique is very much dependent on the exposure time, T, 
which determines the calculated speckle contrast value, K: 
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1
221 exp
2
TK
T
τ
τ
  −  = −      
  (3) 
 
This theory defined how any changes in the correlation time, τ  
correspond to the contrast value in a way that small contrast consequence 
coincide with a small τ  value and vice versa. Nevertheless, in terms of 
speckle argument, the laser speckle technique is theoretically simpler to 
calculate and faster to measure at smaller frames per second.  This 
technique is, in addition, alternatively cheaper compared to previous 
given that a low frame rate camera is sufficient for this option. 
 
1.2 ANALYSIS OF WOUND TISSUE OXYGENATION 
STATUS 
 
For years, many researchers have proposed various 
quantification models and techniques to determine transcutaneous blood 
oxygen saturation, StO2.  Among these notable techniques are the non-
linear Modified Lambert Beer law [22], cubic function [23], Kubelka 
Munk theory [24] and cumulant based attenuation model (CM) [25].  The 
Monte Carlo simulation and diffusion approximation is commonly used 
as a basis to derive the analytical model [26]. 
As previously demonstrated by Pifferi et al. [27], the Monte 
Carlo simulation was used to explicate the photon propagation in a 
continuous wave (CW) measurement.  The values of the absorption 
coefficient, aµ , and scattering coefficient, sµ , are referred to a look up 
table. Here, the accuracy of the fitting model is calculated in terms of 
relative error as given in Eq. (4). 
 
 f e
e
µ µ
ε
µ
−
=   (4) 
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In the equation, the effective value of aµ  and sµ  of the 
corresponding fitted model and characterized medium are represented by 
parameter eµ  and fµ .  Using the Monte Carlo model, this model is 
proven to produce a low relative error of 10%< . A comparison with 
the diffusion approximation method produced a relative error of 30%>  
taking into account both optical coefficient. Hence, the diffusion method 
is deemed unreliable. 
 
1.2.1 Lambert-Beer Law 
 
The Lambert-Beer law describes a linear relationship between 
light absorption and attenuation in a non-scattering medium.  Lambert 
proposed the first part of the law which explains a linear relationship 
between light attenuation, A, and light pathlength, d.  Beer 
complemented this law by relating A with the medium's absorption, aµ  
to give the completed Lambert-Beer law in Eq. (5). 
 
 aA dµ=   (5) 
 
Changes in light attenuation in terms of ratio of transmitted 
intensity, I  to incident intensity, 0I  can also be expressed as: 
 
 
0
log IA
I
=   (6) 
 
The accuracy of Lambert-Beer law, however, has  been 
criticized in previous works. This includes the inappropriate assumption 
of light pathlength which made it almost impossible to accurately 
determine the medium's absorption.  Nevertheless, the fundamentals of 
this law has been widely used in numerous analytical models related to 
quantification of chromophores in absorbing medium [22, 28]. 
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1.2.2 Modified Lambert Beer Law 
 
Duling and Pittman [22] proposed the Modified Lambert Beer 
(MLB) law, which has been vastly used for quantification of percent 
blood oxygen saturation.  The idea of this law is based on the absorbing 
and scattering properties of light, while taking into account the spectral 
measurement at both isosbestic and non-isosbestic wavelength pairs.  
The MLB law is expressed as: 
 ( ) ( )aA G dλ µ λ= +   (7) 
 
with light attenuation is represented as A and the wavelength dependent 
absorption coefficient of absorber in the medium is represented as aµ  
expressed in the unit -1mm .  Meanwhile, parameters G and d denote 
scattering dependent attenuation offset and 'light pathlength', 
respectively.  The equation presumes a linear relationship between A and 
aµ  of the absorbing-scattering medium.  The scattering coefficient, sµ
, is presumably remained unaffected by the changes in illuminating light 
wavelength. 
This model has previously been used to determine fractional 
concentration of oxyhemoglobin, HbO2 and deoxyhemoglobin, Hb, in 
blood medium when the sµ  of two selected wavelengths are the same.  
An isosbestic wavelength pair, (i.e. 520 nm and 546 nm) is used to solve 
for the linear approximation in Eq. (7), whereas a third non-isosbestic 
wavelength is used to determine percent StO2 using Eq. (8). 
 
 ( ) ( ) ( )
( )
2 1 2 11 Hb Hb 2 Hb Hb m Hb Hb
t 2
2 1 AB
S O N I I N I I
N
I I
I I
A A A
A A
ε ε ε ε ε ε
ε
− + − + −
=
−
 
  (8) 
 
In Eq. (8), light attenuation values measured at both isosbestic 
and non-isosbestic wavelength are represented by 1, 2I IA  and NA , 
respectively.  Subscript N represents the non-isosbestic wavelength 
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whereas subscripts 1I  and 2I  are repetitively used to represent the 
isosbestic wavelength pair.  Subscript ABNε  denotes the differences 
between extinction coefficients of oxyhemoglobin, 
2HbO
ε  and 
deoxyhemoglobin, Hbε  at non-isosbestic wavelength given as 
2AB HbO HbN N N
ε ε ε= − . 
 
1.2.3 Extended Modified Lambert Beer Model 
 
The poor assumption of light attenuation due to absorption and 
scattering has always been a major concern in the MLB law.  In view of 
the problems involving the inaccuracy in the StO2 value estimated using 
the MLB law, Huong and Ngu [10] proposed an attenuation model 
extended from the current MLB which is known as the Extended 
Modified Lambert Beer (EMLB) model expressed here in Eq. (9). 
 
 ( ) ( )0 a 0A G dλ µ λ= +   (9) 
 
The absorption coefficient, ( )aµ λ  is expressed here as the 
sum of product of concentration, C and wavelength dependent extinction 
coefficient, ( )ε λ . 
 
 ( ) ( ) ( )
2 2a HbO HbO Hb Hb
C Cµ λ ε λ ε λ= +   (10) 
 
Assuming HbO2 and Hb are the only light absorbers present in 
the dermis layer, the total hemoglobin concentration is expressed as 
2HbO Hb
T C C= + . The StO2 is then given as: 
 
 2
HbO
t 2S O
C
T
=   (11) 
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Substituting T into Eq. (10), the total light absorption value, aµ  
is given as: 
 
 ( ) ( ) ( )( )2 2 2 2a HbO HbO HbO HbOC T Cµ λ ε λ ε λ= + −  
 (12) 
 
which can be further rearranged into Eq. (13). 
 
 ( ) ( ) ( )( ) ( )( )2a HbO Hb t 2 HbS O Tµ λ ε λ ε λ ε λ= − +  
 (13) 
 
The EMLB law was proposed to represent a non-linear 
relationship between light attenuation and medium's absorption for better 
estimation of StO2, hence, resolving that given by MLB.  The complete 
equation is expressed here in Eq. (14). 
 
 ( ) ( ) ( )0 0 1 a 1expaA G d G dλ µ λ λ λ µ= + + + −   (14) 
 
The EMLB is complemented by parameter 1G λ  which 
represents light attenuation due to wavelength dependent scattering 
process.  The presence of an exponential function in this model further 
expresses light attenuation as a complex function of dermal light 
scattering, presumably to change non-linearly with medium's absorption 
and 'light pathlength', 1d .  Validation of the analytical model using 
attenuation data from Monte Carlo simulation code described by Chang 
et al. [29] shows lower mean absolute error of 0.4% as compared to that 
retrieved using MLB law.  The light absorption, aµ , is referred to 
extinction coefficient HbO2 and Hb in the specific wavelength of 
520 600 nm−  given from the reports of Zijlstra et al. [30] considering 
the distinctive absorption of hemoglobin derivatives within the selected 
wavelength as shown in Figure 1.2. 
 
  
11  
 
 
 
 
Bioengineering Principle and Technology Applications Volume 2 
   ISBN 978-967-2306-26-9 2019 
 
Figure 1.2 Extinction coefficient of HbO2 and Hb from the reports of 
Zijlstra et al. [30] 
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